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SlJt:A.r/: 

The  worl:  for  the  fiecal  year  of  on  ;asie  Fatlf^ue  iiccearch 

has  been  directed  towards  obtain  In,''  nc  chods  for  deni,'';nini';  fatictie 
resistant  stnicturcn.  Two  such  netnods  have  been  obtained:  (l)  the 
use  of  rivets  driven  throu/ tiic  cd;/-  of  S).licc  doublers,  ouid  (2)  the 
use  of  tl’.in  a\u<iliar,y  dould-ers  zo  pemlt  usiny  extra  rivets  away  from 
tlie  hich  stress  area  In  zhe  main  splice  doubler. 

Test  data  sliow  that  a  suostant.laily  li,''hter  structure  could  be 
hod  for  the  sane  fatigue  life  by  usiny  cither  of  tnc  two  netliods, 
or  a  lifetime  of  up  to  twenty  t'ince  that  of  on  equivalent  weifjit 
structure  of  conventional  dc'sir.n. 

Thin  doublers  arc  belnc  used  in  the  Models  83o  and  600.  Edge 
driven  rivets  have  l-ecn  approved  for  operators  of  commercial  airlines 
In  rt-palro  or  as  fati.'';ue  iidilbitors  of  airplanes  now  in  service. 
Convalr  has  a  patent  pendinc  on  cd,':e  driven  rivets. 

f  Isccllaneous  data  are  also  presented  on  fatl,‘"ue  behavior  and  on 
photoclastlc  analysis  of  stress  distribution  in  simulated  and  built  up 
structures. 
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(B)  INTRODUCTION: 

Research  on  fatigue  Is  generally  comprised  of  one  or  more  of 
the  following:  l)  basic  nature  of  fatigue  on  the  atomic  struct'ure 
level,  2)  methods  of  estimating  fatigue  life,  and  3)  improving 
design  of  fabricated  structures. 

Other  thsui  the  use  of  shot  peenlng  for  improving  fatigue  life, 
and  reducing  stress  concentrations,  very  little  to  date  has  been 
published  on  improving  fatigue  life  of  fabricated  structures.  Most 
of  the  published  works  have  had  to  do  with  either  item  1,  or  2. 

Hie  major  portion  of  research  at  Convalr  has  been  directed 
toward  tne  third  item.  Improving  basic  design;  although  some  of 
the  earlier  work  was  on  methods  of  estimating  life.  This  was 

brou^t  about  by  the  immediate  need  for  deslpilng  fatigue  resistance 
in  our  airplanes . 

The  author  wishes  to  express  his  appreciation  to  Mr.  0,  D. 
Llr.deneau  and  other  members  of  the  Structures  Laboiatory  for 
valuable  assistance  in  obtaining  test  data  In  this  research. 
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3acltcroiind 

It  is  well  known  that  metals  v/hen  subjected  to  repeated  loading 
will  eventually  fail  in  fatigue  at  stresses  far  below  the  ultimate 
or  even  yield  strength  of  the  material.  The  relationship  between 
those  stresses  and  longevity  arc  usually  plotted  in  the  form  of 
Stress  versus  Number  of  Cycles  curves  or  S-N  curves.  V/hether  the 
fatigue  loading  is  repeated,  reversed,  or  somewhere  between,  can  bo 
Idcntiflel  by  the  stress  ratio,  ojnbollzed  as  R,  or  the  ratio  of  the 
mlnimiun  stress  divided  by  the  mn;:ir.iu]n  stress.  A  family  of  curves  (3) 
for  smootli  axially  loaded  7075-T'<j  round  oar  specimens  is  given  in  Figure 
1.  According  to  the  notation  above,  the  curve  for  1!=  -1  is  for  completely 
reversed  loa^ling,  and  for  where  ].  =  0  is  for  repeated  loading. 

Fabricated  structures  behave  very  much  like  smooth  specimens,  with 
the  exception  that  stress  concentrations  afforded  by  discontinuities  may 
cause  actual  stress  to  be  many  times  nominal  values.  Were  we  able  to 
determine  actual  stresses  at  concentrations,  the  problem  In  estimating 
fatigue  life  would  be  Infinitely  simpler.  The  next  best  thing  is  to 
understand  relative  stresses  at  and  near  the  concentrations.  Sometimes 
localized  stresses  at  concentration  points  cause  yielding  which  result 
in  re-dlstributlon  of  stress.  If  re-distrlbutlon  can  be  carried  far 
enoufih,  that  is  to  say,  if  distribution  could  be  carried  to  the  extreme 
so  that  the  effect  of  stress  concentrations  could  be  con.plotefly  eliminated, 
fatigue  would  not  be  a  problem , 
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A  survey  of  service  failures  in  airplanes  dlEcloses  that  over  75^ 
of  the  failures  involve  rivets.  Furthemoro,  these  are  particular 
rivets,  being  the  first  ones  engaged  in  a  splice  or  other  attachment. 
Needless  to  say,  if  the  fatigue  problem  were  solved  in  Just  this  one 
location,  we  woiil.d  be  well  on  our  way  to  fatigue  free  airplanes. 

The  first  step  in  this  analysis  is  to  find  out  how  the  rivet  be-* 
haves  in  this  particular  location.  It  is  obvious  that  there  is  too 
much  stress  here  and  that  some  readjustment  in  load  distribution  would 
be  in  order.  An  obvious  rolution  v/ould  be  to  design  such  as  to  make 
this  particular  rivet  or  row  of  rivets  incapable  of  carr:/lng  so  much 
load. 

Before  studying  rivets,  however,  some  more  elcncntaiy  concepts  are 
in  order. 

Elementary  Concepts 

Take  the  case  of  a  single  hole  in  on  infinitely  wide  sheet.  Classic 
theorj'  and  ejcpcrimentol  observations  have  shovm  that  the  stress  in  a  loaded 
sheet  at  the  edge  of  the  hole  Is  rouglily  three  times  that  in  the  sheet  away 
from  the  hole.  This  distribution  is  cho'.m  in  Fifgjre  and  holds  so 

long  as  materials  remain  in  the  elastic  range.  However,  on  reaching  the 
yield  point,  a  rc-distrlirution  of  stress  takes  place. 

In  the  case  of  fatigue,  the  stress  at  the  edge  of  the  hole  is  all  wo 
need  consider.  If  we  know  actual  values  of  stress,  oj-dinary  S-II  curves 
for  smooth  specimens  are  all  \ic  need  to  predict  fatigue  life. 
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Linear  g train  Tlicor/ 

The  thcor:/  of  linear  strain  was  first  presented  before  tlie  Society 
for  E;ipcrlnental  Stress  Analysis  in  a  paper  entitled  "rrediction  of 
Fatlcac  Failures  in  Aluminum  /vlloy  Stnjcturvs"  by  C.  R.  Srnlth^^^  In 
April,  Since  then,  essentially  the  same  theory  was  independently 

developen  by  Sunn^^^  of  rFny.lnnd.  In  essence,  it  states  that  a  concentre  on 
is  a  (ieonctric  rclationsfilp  and  would  he  more  apprr:)pr lately  expressed  Ir 
terms  of  strain  rather  than  stress.  Also,  this  relationship  Gho\ild  hole 
irrespective  of  v/hether  the  material  is  In  a  state  of  elastic  or  plastic 
deformation. 

Accordinf;ly,  the  stress  dIr.trlb\ttion  Gho\m  for  the  hole  specimen  wo  5 
bo  Interchanncr.blc  with  str/un  distribution  in  cither  the  clastic  or  pi  a  i  c 
roncro.  Tlius,  knowino  strain  values,  it  is  aii  easy  i/attcr  to  find  the  co  r.- 
pondlnc  stress  from  ordinary  stress-strain  curves.  Tlius,  wore  the  nomln 
stress  away  from  the  hole  35/^10  psi  rjid  the  material  were  7075-T6,  the 
corresnondi nr;  nominal  strain  would  *0033  in. /in.  (asEumin/3  E  10,5^ 
psl) . 

Assumin';  that  the  stress  concentration  factor  of  3  applied  to  straii  , 

We  con  niUtiiily  .0033  x  3  fwid  ret  .0001  In. /in.  peak  strain.  Acconllnr 
to  the  stress-strain  curve  shown  in  Fifiure  the  corresnondinr  stres: 

would  be  77/000  pci.  On  rcliovln;;  load,  however,  the  stress-strain  rela¬ 
tionship  v/ould  fall  alony  line  A  '.  T’lereas  the  stress-strain  p.^'a.ph  (AB)  ' 
iinlooiiln/'  in  a  Grx)Oth  L;T)r>cirien  vrorl  1  stop  at  point  ii,  Ix^cmse  of  the 
relatively  lar.ye  amount  of  uatcr  laJ  still  in  tiie  clastic  ranr.e  (only  a 
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very  small  amount  of  the  total  cross  section  Buffered  plastic  deformation), 
the  graph  will  continue  on  to  a  point  C  where  equilibrium  between  the 
plastically  deformed  and  elastically  deformed  material  is  reached. 

For  fatigue  testing  at  this  load  level,  then,  the  cyclic  stress 
would  fall  between  points  C  and  A,  and  the  fatigue  life  could  be  pre¬ 
dicted,  using  ordinary  S-N  curves  as  shown  in  Figure  ' .  Furthermore, 
subsequent  cyclic  loading  at  lower  stress  levels,  instead  of  originating  at 
point  0  would  start  at  poin-  C,  resulting  in  a  much  longer  life  than  a 
similar  structure  \/ith  no  pre-stress  history.  This  stems  from  the  fact 
that  the  peak  stress  is  lowered  by  an  equivalent  amount  of  the  residual 
stress.  Thus,  were  the  low  level  amplitude  before  pre-stress  as  shown 
in  Figure  Ua,  and  high  level  as  shown  in  Figure  4b,  subsequent  low  level 
loading  would  be  as  in  Figure  4c. 

Sample  S-II  curves  for  coupons  having  centrally  drilled  holes  for  a 
theoretical  concentration  factor  of  2.4  (based  on  net  area)  with  and 
without  pre- stress  ore  given  in  Figure  5*  Note  that  the  calculated  and 
experimental  values  are  in  good  agreement  where  pre-stressing  was  present. 
Without  pre- stress,  however,  the  calculated  values  were  somewhat  short  of 
the  experimental  data.  This  is  attributed  to  unknown  amounts  of  beneficial 
residual  stresses  set  up  by  drilling  which  were  not  considered  in  the 
calculations.  Ejqjerlmental  obseimxtions  using  PhotoStress  Plastic  (6) 
confimn  this.  These  are  described  under  Experiment  B  of  this  report. 

Accordingly,  in  our  experimental  S-N  curves  sho\m  in  Figure  5>  ve  can 
asEvime  that  the  pre-stress  was  sufficient  to  wipe  out  the  effects  or 
residual  stresses  duo  to  drilling. 
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In  the  caco  of  riveted  Joints,  a  reduction  of  faticue  life  is  ex¬ 
perienced  by  small  amounts  of  pre-strosslnc.  Tills  is  apparently  caused 
by  loss  of  proppinc  action  normally  afforded  by  the  rivets.  This  Is 
illustrated  in  Ficurc  6.  In  Ficurc  6a  in  shown  an  asciuned  cyclic  cm^ill- 
tude  for  repeated  londinc  on  a  onc-lnch  wide  Iug  specimen  loaded  by 
quarter  inch  diameter  bolt.  In  Ficure  6b  is  shoim  the  some  specimen, 
but  this  time  a  quarter  inch  diameter  rivet  is  used  in  place  of  the 
bolt.  Assuninc  that  the  drlvlnc  force  of  the  rivet  is  sufficient  to  swell 
the  hole  .00075  inch  in  diameter,  the  peripheral  tension  set  up  around  the 
hole  would  amount  to  .OO3  in. /in.  or  an  equivalent  of  30,000  pel  stress 
with  no  external  load  applied. 

When  external  load  is  applied,  the  strain  rate  at  the  edee  of  the 
hole  is  no  loncer  the  some  as  for  the  bolt  loaded  luq,  but  will  be  in 
accordance  with  a  new  eprlnc  rate,  includinc  the  stiffness  of  the  rivet. 
AccordinGly,  the  same  load  thnt  caused  the  stress  to  cycle  from  zero  to 
maximum  in  Ficurc  6a,  will  cause  only  partial  stress  cycles  as  shown  in 
Figure  6b,  the  lower  ^•alue  dependlnc  on  the  amount  of  rivet  driving  force 
and  relative  stiffneas. 

The  upper  part  of  the  cycle  is  ueually  unaffected  by  the  rivet  driving 
force  because  of  the  limited  compressive  deformation  stored  up  in  the  rivet. 
For  example,  wliere  we  assumed  that  the  diameter  of  the  hole  to  be  Increased 
.00075  in.,  a  certain  amount  of  stored  up  compressive  deformation  would 
have  to  be  absorbed  in  the  rivet.  Again  assiuning  that  the  rivet  to  be  three 
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tines*  as  stiff  qb  the  surroimdinc  material,  a  compresBivc  dofomatlon 
of  .00025  in.  remains  stored  up  in  the  rivet,  and  the  added  stiffness 
of  the  rivet  would  dioc^jpear  after  an  additional  .00025  deformation 
(in  addition  to  the  .00075)  occurred.  This  total  of  .001  in.  deformatic 
would  amount  to  a  strain  of  .004  in./in. ,  since  the  hole  was  l/4  in.  d1» 
or  on  equivalent  stress  of  40,000  psi  if  the  luc  were  aluminum  alloy.  / 
ingly  the  peak  stress  in  Flcure  bb  would  be  hicher  than  that  show  in  6e 
if  it  fell  within  the  40,000  psi  ranee  for  the  particular  set  of  values 
in  this  example. 

The  assumed  .00025  compressive  deformation  in  the  rivet  can  be  like 
to  "sprinc  back"  commonly  experienced  in  formlnc  operations.  The  fact  t 
this  compi'essive  deformation  decreases  the  tensile  strain  rate  at  the 
edge  of  the  hole  is  somewhat  confusinc*  It  con  be  shovm  experimentally, 
see  Ficure  7>  that  the  spx’inc  constant  for  two  sprinco  oppocinc  each  othi 
is  exactly  the  sane  as  when  they  act  tocether.  Accordincly,  the  result  ; 
added  stiffness. 

A  numerical  example  of  the  above  will  illustrate  these  particular 
effects  on  fatlcue  life. 

Let's  assume  that  this  luc  is  subjected  to  repeated  loads  producinc 
a  nominal  net  stress  of  12,500  pci.  According  to  the  geometric  configure 
tion.  Ref.  Figure  8,  the  stress  concentration  factor  would  be  about  4.8. 
Accordingly,  the  maxiniun  stress  would  be  4.8  x  12,500  or  60,000  pal.  The 
fatigue  life,  according  to  the  graphs  shown  in  Figure  1,  v/ould  be  45,000 
cycles. 

*  Tills  approximation  is  bom  out  by  FhotoGtress  studies,  see  Ecperim.ont  D 
in  this  report. 
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With  the  tl(;htly  driven  rivet,  the  cyclic  ntrer.c  would  not  lo 
0-60,000  poi,  but  from  30,000  to  60,000  pci  (nrnui'.iinf;  that  the  rivet 
expnndc  the  liolc  .00025  in.).  Tlic  corrospondin,"  life  for  thlc  wo\'ld 
be  2,500,000  cycles.  If  this  Dome  Bpecinen  ircre  overlealed  once 
statically  to  cause  cloncation  of  the  hole  sufficient  to  I’elicve  the 
residual  tension  stress,  a  pcrruanent  set  of  in. /in.  tjouIcI  he  re¬ 
quired.  In  other  v/ords,  the  specimen  would  have  to  taho  cti  a  residual 
compressive  stresn  of  40,000  pci  (corrospondin:;  io  strains  ef  .003  in./i!\. 
stored  up  in  the  cpecimon  itself,  plus  .001.  in. /in.  for  tlie  rivet)  to  coijply 
with  these  dimensional  chanGec.  Tlio  subcciuoni  f-atir’ie  life  for  the  sojik 
cyclic  lOQ^lin;;  would  Ije  1,000,000  cyclcc. 

It  is  of  Interest  to  note  tliat  thi.s  t"'\nd  nr.'nn.c  uo  rr’h.itr  data  ob¬ 
tained  r,y  otlier  researchers,  ^^’^vdierc  static  ’irc-load  in;-;  fV'nei’ally  produc*‘L' 
an  increase  in  fatigue  life.  Oufflcc  to  say  th.-t  those  arc  not 

directly  comparable  in  that  riveted  joints  u.sually  c<,'nta'.n  r.orc  than  one 
rov;  of  rivets,  so  that  prcstrcscinc,  if  hif;b.  cnoi;.';h,  v/L.ll  re-distribr.to 
load  bot\:Gcn  rivets.  This  ccnei'aHy  more  than  cvmTiiensales  foi-  loss  of 
propping;  action  afforded  by  the  ri'.'ct.  however,  the  t  'cr.  I  '.si.  el  V'c  f‘ox 

(9) 

a  reduction  of  faticue  life  for  small  jimounv::  of  ur  •lof'd  i  nf  . '  and  by 
on  increase  in  life  where  lar^je  prelond.s  .are  ri'osoju,,  Thl'..  will  be  covered 
more  fully  in  the  cjqierinontal  portion  of  thi.':  report. 
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EXPERINIEOTS; 

A.  VINYL  PLASTIC  ^K)D^LS  FOR  STRESS  DISTRIBOTION  BET>?IIEN  RIVET3 

In  Figure  9  is  shown  a  riveted  Joint  simulated  by  fastening 
a  one-inch  wide  strip  of  0.10  thick  vinyl  plastic  to  an  0.020  thick 
piece  of  cellulose-acetate  with  three  screw  paper  fasteners.  The 
model  Is  sandwiched  becween  two  polarold  filters  so  that  when  light 
is  passed  through  the  assembly.  Interference  fringes  are  set  up  due 
to  load  In  the  vinyl.* 

This  la  called  photoelasticity  or  principle  of  birefringence 
which  Is  descilbed  In  Ref.  4.  Briefly,  however,  any  blirefrlngent 
material  (material  having  photoelastic  properties)  when  stressed 
will  cause  light  to  travel  faster  In  the  direction  of  tension  and 
slower  In  compression. 

Light,  on  passing  through  the  first  polarold,  is  constrained 
to  vibrate  in  a  single  plane.  Provided  that  no  stress  exists  in 
the  plastic  model.  It  will  emerge  and  pass  through  the  second 
Polaroid  unchanged.  However,  If  the  plastic  Is  loaded,  the  beam 
of  light  Is  split  into  two  beams  (double  refraction)  whose  wave 
motions  ore  at  right  angles  to  each  other.  The  beam  whose  vibration  It 

*  The  technique  of  using  vinyl  plastic  was  first  described  by 
Dr.  M.  Hetenyl  of  Northwestern  Univ.  at  the  Spring  Meeting  of 
the  Society  for  EScperimental  Stress  Analysis,  Indianapolis, 

Moiy#  1952.  Papers  for  the  seminar  In  which  this  was  disclosed 
were  never  published. 
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In  the  direction  of  tension  will  emerce  ahead  of  the  other,  bo  that 
when  re-combined  by  the  second  polaiold,  interference  between  the 
two  beams  will  set  up  color  frlnces  which  can  be  calibrated  in  terras 
of  differences  in  strains.  If  the  polaroids  are  oriented  so  that  their 
axis  are  in,  or  normal  to,  the  direction  of  tension,  the  differences 
will  be  of  maximum  principal  strains. 

These  fringes,  however,  appear  ns  doi'k  lines  in  the  photograph 
and  amount  to  about  .05O  in. /in.  strain  per  fringe.  The  second  order 
fringe  appeared  at  the  first  rivet  before  any  color  was  observed  in 
the  center  rivet.  Stress  patterns  appear  only  in  the  vinyl  half  of 
the  Joint  because  double  refraction  does  not  occur  in  the  cellulose- 
acetate. 

Tlae  above  is  a  visual  demonstration  of  the  difference  in  load 
between  rivets.  The  fact  that  this  was  a  plastic  model  does  not 
in  the  leant  detract  from  the  similarity  to  a  real  structure.  This 
also  shows  the  reason  why  fatigue  failures  occur  along  the  first 
line  of  rivets  in  an  airplane  structure  and  why  more  effort  needs  to 
be  made  in  reducing  the  difference^  In  stresses  between  rows  of  rivets. 
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1).  PHOTO- STRESS  STin)Y  OF  STitESSES  AROUND  HOLES  AND  RIVETS 

In  FicurelOlc  shown  a  sarnie  of  0.10  thick  202U-T3  aluminum 
alloy  sheet  covered  with  PliotoStress^  plastic.  The  plastic  coat¬ 
ing  was  applied  prior  to  drilling  and  spotfaced  at  the  rivet  location 
to  permit  forming  the  head.  The  dark  areas  around  the  holes  and 
rivet  represent  residual  stresses  set  up  by  didlling  and  rivet  form¬ 
ing*  The  hole  at  the  extreme  left  was  drilled  with  a  sharp  drill, 
and  that  in  the  center  with  a  dull  drill.  The  rivet  was  countersunk 
on  the  far  side. 

PhotoStresB  is  a  trade  name  for  a  special  birefringent  plastic 
that  con  be  cemented  to  an  actual  part  for  viewing  stresses.  The 
particular  type  used  in  this  experiment  was  .040  in.  thick.  One 
fringe  order  represents  about  14,000  psl  stress  In  alumlniun  alloy. 

A  similar  specimen  was  prepared  with  open  hole,  and  rivet 
filled  holes  prior  to  application  of  the  PhotoStress.  The  rivet 
heads  were  milled  flush  to  permit  applying  the  PhotoStress.  This 
specimen  was  loaded  axially  and  observations  of  strains  adjacent 
to  the  edge  of  the  hole,  rivet,  and  away  from  points  of  concentration, 
liiese  data  are  presented  in  Figure  11.  Note  that  the  slope  of  the 
graph  for  the  rivet  filled  hole  is  almost  as  steep  as  that  for  the 
speciinen  av;ay  from  the  hole. 
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In  the  case  of  the  hole  filled  with  a  Btolnless  steel  rivet, 
the  slope  is  slightly  steeper  than  for  the  specinen  away  from  the 
hole.  However,  apparently  because  of  the  lack  of  spring  bewik  in 
the  steel,  a  greatly  reduced  slope  occurred  after  application  of 
about  24, (XX)  psl  nominal  gross  stress. 

It  is  to  be  noted  that  the  strain  values  given  here  are  the 
differences  in  principal  strains.  At  the  edges  of  the  holes  and 
rivets,  it  can  be  assumed  that  the  normal  strain  is  zero  and  that 
the  values  given  are  .  However,  in  the  case  of  the  control^ 

some  corrcwtlon  would  be  required  to  give  the  stredn  in  the  direction 
of  load.  Tills  would  araovmt  to  about  125^  less  strain  then  sho'>m  to 
conform  with  a  rated  value  of  E  <»  10. 3  x  10^  for  7075’'T6. 

From  the  above,  the  following  conclusions  may  be  drawn: 

1.  Aluminum  alloy  stiMcturos  with  steel  rivets  should 
have  a  longer  fatigue  life  than  with  aluminum  alloy 
rivets. 

2.  Ihe  strain  at  a  concentration  is  linear  in  the 
plastic  range  of  stress.  Plastic  flow*  should  have 
started  in  this  alloy  at  about  .007  in. /in.  strain, 
yet  the  slopes  of  all  curves  are  linear  even  to  ,0l8 
in. /in.  strain. 


*  The  plastic  became  unbonded  during  strain  reaaincs  at  the  72,000 
psi  stress  level,  so  that  values  for  the  control  and  pennanent 
set  were  unobtained. 
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C .  EFFECT  OF  RIVET  DRIVINa  FORCE 

From  the  preceding  experiment  one  can  assume  that  a  auperlor 
fatigue  life  could  be  had  by  driving  the  rivets  harder. 

In  this  experiment  four  sets  of  0.10  clad  7075-T6  by  one 
inch  wide  lap  Joints  were  tested  at  10,000  psl  nominal  gross  cyclic 
stress,  R  e  0.1.  Tliey  were  fastened  with  thi-ee  1/4"  diameter  100* 
covintersiuik  2024-T4  rivets  with  onc-lncli  spacing  beti/oen  rivets  and 
1/2"  edge  distance.  On  the  assumption  that  the  sv/elllng  force  of 
the  rivets  was  a  function  of  the  diameter  of  the  formed  head,  five 
specimens  each  with  head  diameters  of  .  jl5,  *330,  .3*^5  and  .360 
Inches  were  tested.  The  .33^  or  I-I/3  diameter  head  was  considered 
to  be  a  control. 

These  data  are  plotted  in  Figure  12.  Ilote  that  those  specimens 
having  nearly  1-1/2  diameter  heads  (.j'jO)  hod  nearly  50,'  greater 
life  than  those  with  I-I/3  diameter  heads. 

D .  EEITDIRG  STldSGSES  IN  A  RIVETED  JOIIfT  LOADED  IN  TFUSION 

Figure  I3  shows  measurements  of  nominal  stress  versus  strain 
adjacent  to  the  first  rivet  in  a  t\7o  rivet  lap  Joint.  The  Joint 
was  made  of  7075-T6  material  having  an  upper  sheet  of  0.10  x  1-1/2 
and  lower  sheet  of  0.125  x  1  witli  two  3/16  diameter  rivets  spaced 
one  inch  apart.  Strain  measurements  were  made  with  Baldwin  sn-4 
resistance  type  strain  gages  which  were  mounted  back  to  back  on  the 
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1/4  In.  wide  flange  aloncsldo  the  first  rivet  In  the  0.10  material. 
Note  that  the  eccentricity  between  sheets  causes  the  strain  on  one 
side  to  be  rouchly  twice  that  of  the  averace, 

PlGure  14  shows  similar  measurements  for  the  doubler  of  a  butt 
splice  havlnc  two  rivets  on  each  side  of  the  tnxtt.  Ifere  the  differ¬ 
ence  between  the  strains  on  the  hlch  side  and  nominal  values  is 
even  more  cxacGoi'ated. 

Tlie  above  experiments  show  that  bendinc  stresses  In  single 
shear  joint  construction  constitutes  one-half  or  more  of  the 
total  stress.  Accordingly,  a  substantial  improvement  In  fatigue 
strength  could  be  had  if  bending  could  be  eliminated  at  the  first 
loaded  rivet.  Also  it  would  appear  that,  since  that  portion  of 
stress  due  to  bending  in  the  doubler  plate  is  higher  them  the 
axial  stress,  an  improvement  in  fatigue  life  of  the  doubler  could 
be  had  by  making  the  doubler  thinner.  Data  for  these  are  included 
In  Experiment  E. 

E.  FATIGUE  TESTS  ON  LAP  WITH  EDGE  DRim^  RIVET3 

Figure  15  shows  an  edge  view  of  simple  two  rivet  le^  Joints, 
except  that  Figure  15b  shows  the  addition  of  two  extra  rivets  to 
relieve  bending  stress.  The  fatigue  life  for  the  conventional 

*  loading  "was  done  in  a  Doldwln  120,000  lb.  hydraulic  testing 
machine. 
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splice  was  55/000  cycles,*  w’lile  the  life  for  that  with  the  edee 
driven  rivets  was  2J»0,OOO  cycles,  nie  values  Given  represent 
averatjes  of  four  Bpeclmens  each  at  repeated  cross  stresses  of 
10,000  psl. 

In  Flcurc  I6  are  Given  G-il  curves  of  lap  Joints  vfith  and 
without  edee  driven  rivet Tlie  specinens  for  these  were 
made  of  1  x  1  x  0.1  7075-TiJ  ancle  nested  to  pemlt  cngiXQinc 
four  3/1^  diameter  rivets  spaced  one  inch  apart  in  tandem. 

The  angle  was  used  here  because  it  was  felt  that  the  sheet 
specimens  as  Given  In  Figure  I5,  c::aggerated  the  bending:,  and  that 
nested  angles  would  simulate  the  fixity  afforded  by  conventional 
airplane  stricture  using  stringers. 

All  of  the  fatlcue  failures  for  these  tests  were  in  the 
sheet  through  the  edge  driven  rivets,  indicating  that  bending 
was  still  critical. 

iScaminatlon  of  a  similar  axially  loaded  specimen  with  Photo- 
Stress  showed  that  the  ma;:inum  strain  at  tlie  edge  of  the  first 
rivet  in  the  conventional  splice  was  ,007  in. /in.  while  a  similar 
location  for  the  edge  didven  rivet  gave  ,0026  in. /in.  for  a  nominal 
strain  of  -00133  in. /in. 

*  All  fatigue  tests  in  this  project  were  made  on  SF  lU  and  SF  20U 
Sonntag  Fatigue  Testing  liachinc. 
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IThllo  these  fatigue  tests  do  not  show  tlie  linprovenent  that 
could  be  c:q>RCtcd  from  the  PiiotoStress  survey,  they  ore  substemtial, 
ojid  indicate  that  a  considerably  lighter  structure  could  be  made 
for  che  some  life  using  edge  driven  rivets. 

F.  Timi  DOUELEKS 

An  alternative  to  the  idea  of  forcing  bending  stresses  to 
take  place  at  a  rivet  incapable  of  carig'ing  load,  TOuld  be  to 
allow  bending  to  take  place,  but  2-educc  the  ariial  load  at  the 
first  rivet.  Tills  is  done  by  inserting  a  thin  doubler  in  be¬ 
tween  the  faying  surfaces  and  extending  beyond  the  main  splice 
ai'ca  as  shown  in  Figure  17b*  Tiio  idea  is  to  have  the  auxiliary 
doubler  so  thin  that  is  it  incapable  of  inducing  a  bonding  stress 
In  the  main  sheet.  Yet,  the  doubler  has  to  be  strong  enough  to 
take  out  a  large  portion  of  the  axial  load  liefore  entering  the 
main  splice  area. 

A  comparison  of  fatigue  strengths  for  conventional  splices 
and  those  with  thin  doublers  is  given  in  FI  guru  18  .  Further 
details  oi’e  included  in  Hef.  11. 

From  the  above,  it  would  appear  that  thinner  doublers  for 
butt  splices  woxild  be  superior  oven  without  the  auxiliary  doub¬ 
lers.  In  Figure  l9  are  plotted  data  for  fatigue  lives  of  butt 
splices  with  doublers  one  gage  thicker  than  the  sldn,  equal  to 
sfdn  thlclincsG,  one  thlcl:er  than  the  skin,  and  t\fo  gages 
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thinner  than  the  akin. 

It  Is  to  be  noted  that  the  poorest  showing  was  made  by  those 
spUoes  having  doublers  thicker  than  the  sklnj  also  that  thicker 
aaterlals  had  shorter  fatigue  lives. 


0.  EFTECT_0£  .  LAP  J_Q1NTS_ 

The  object  of  this  experiaont  was  to  evaluate  the  effect  of 
prestressing  on  riveted  lap  Joints.  In  Figure  20  are  S-N  cixrves 
for  lap  Joints  of  .051  clad  7075-T6  without  prestress,  with  single 
static  prestresses  of  18,000  psl,  25,000  psi,  and  42,000  psi. 
Points  plotted  represent  average  values  for  four  specimens  each. 
Note  that  for  18,000  psi  prestresses,  the  S-N  curve  falls  below 
that  of  virgin  specimens.  However,  for  25,000  psi  prestress,  thert 
Is  very  little  change,  and  for  prestress  of  42,000  psi,  the  curve 
Is  substantially  above  that  for  virgin  specimens. 
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Despite  the  substantial  increase  in  fatigue  life  obtained  in  these 
experiments,  it  should  be  emphasized  that  they  are  by  no  means  optimum. 

Further  research  is  needed  to  take  advantage  of  the  weight  saving 
afforded  by  higher  strength  alloys.  While  the  state  of  the  art  is  design¬ 
ing  fatigue  resistant  structures  may  never  reach  the  situation  where 
7075  or  Qoy  other  high  strength  alloy  could  be  used  to  its  fullest  static 
strength,  a  ligliter  structure  than  presently  employed  could  be  hod  without 
sacrifice  of  fatigue  life. 

Of  particular  Importance  is  the  fact  that  the  test  programs  carried 
on  so  far  are  more  indicative  of  the  direction  in  which  research  should 
be  aimed  than  of  solution  to  the  problems.  For  example,  we  still  do  not 
have  production  design  allo^mbles  in  fatigue  for  various  sheet  thickness 
and  rivet  combinations.  The  trend  seems  to  be  for  a  lo^r  allowable  for 
greater  thickness  sheets.  Accordingly,  increasing  the  thickness  of  a  sheet 
specifically  for  fatigue  strength  could  result  In  very  little  Inqprovement 
at  a  great  expense  in  weight.  This  appeeurs  to  be  a  result  of  Increased 
eccentricities  caused  by  the  extra  thickness,  notwithstanding  the  fact  that 
the  moment  Increases  as  the  thickness  to  the  first  power,  while  the  section 
modulus  increases  as  the  square  of  the  thickness.  This  would  suggest  that 
the  lesser  thicknesses  are  more  able  to  reduce  the  effects  of  bending  by 
re-alignment. 
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Whereas  ve  nov  use  failsafe  design  practices  In  all  of  our  airplanes, 
there  Is  a  definite  need  for  Information  leading  to  more  reliable  esti¬ 
mates  on  longevity.  The  linear  strain  theory  of  cumulative  damage  appears 
to  be  a  simple  method  of  estimating  life  from  ordinary  S-N  data,  however, 
more  data  for  service  type  loading  Is  needed  to  substantiate  the  method. 
More  work  along  this  line  Is  planned  on  receipt  of  a  program  loading 
fatigue  testing  machine  now  on  order.  Also,  It  appears  that  large  numbers 
of  cycles  at  very  low  stress  levels  may  Improve  fatigue  life.  This  Is 
connonly  called  "coaxing"  and  has  been  found  to  be  t^ue  In  steels,  al¬ 
though  aluminum  alloys  have  been  reported  to  be  vinaffected  by" coaxing". 

A  few  testa  run  at  Convalr  seem  to  Indicate  that  aluminum  alloy  can  be 
"coaxed",  however,  more  work  needs  to  be  done  before  this  can  be  establishet 
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A.  The  majority  of  service  fatigue  failures  in  airfrcuaes  ara 
caused  by  l)  too  much  load  carried  by  the  first  rivet  or 

row  of  rivets,  and  2)  by  too  much  bending  at  the  first  rivet  or 
row  of  rivets  In  a  Joint. 

B.  A  substantial  Increase  in  fatigue  life  can  be  had  by  thinning 
the  doublers  at  the  first  row  of  rivets.  This  reduces  both 
load  at  the  rivet,  and,  bending  stress  in  the  sheet.  A 
general  mile  for  splices  in  aluminum  alloy  sheet  would  bo  to  make 
the  doubler  at  the  first  rivet  In  the  splice  not  over  one-half 
of  the  sheet  thickness,  if  aluminum  alloy  doublers  are  used,  or 
approximately  I/5  of  the  thickness  if  steel  is  used.  Use  as  many 
extra  rivets  as  required  to  make  up  for  lack  of  static  strength  at 
these  locations . 

C.  Rivets  should  be  tightly  driven.  Experiments  have  shown  that 
50^  longer  life  can  be  had  by  forming  heads  1-1/2  times  the  shauik 
diameter  Instead  of  the  I-I/3  diameter  head  ccmmonly  used. 

D.  Fatigue  failures  can  be  reduced  by  causing  bending  stresses  to 
take  place  away  from  points  of  maxlmvim  axial  stress.  Rivets 
driven  throij^  the  edge  of  doublers  are  very  effective  In  doing 
this . 
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Figure  3  —  EFFECT  OF  PLASTIC  FLOW  ON  STRESS 
CYCLE  IN  NOTCIED  SrECIIISN 
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FIGURE  5  S-N  CURVES  FOR  NOTOiED  (K 
7075  T6  SHEET 


Figure  6  —  EFFECT  OF  RESIDUAL  STRESS  ON  AMPLITUDE 
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Figure  9  -  -  PHOTOEL^SnC  MODEL  OF  3  RIVEx  LAP  JOINT 
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FlfTure  13  —  i  ’’RAIN  MEASUIlEllErJTS  ALONGSIDE  RIV-.T  IN  UP  JOINT 
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Figure  14.,  --  STRAIN  MEAoUREIENTS  ALONGSIDE  RIVET  IN  BUTT  JOINT 
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0.1  CLAD  755- T 


3/W  MACHINE  COUNTERSUNX  RIVETS 


Figure  I5  -  -  EFFECT  OF  EDGE  DRIVEN  RIVET  ON  FATIGUE  LIFE  OF  LAP  JOUTr 


.OJO  IN.  TYPE  302  STAINL  ESS  STEEL 
OR 

6AL4V  TITANIUM 


Figure  I7  -  -  TEST  EPECD-iENS  WITli  STEEL  DOUBLERS 
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